Abstract In eukaryotes, most of the genome are transcribed, however only a small proportion of total transcripts encodes for protein, thus resulting in many of noncoding RNAs. In order to recover DNA damage including DNA double-strand breaks (DSBs) eukaryotes have evolved complex mechanisms and these are processed through coordinated mechanisms of protein sensors, transducers, and effectors including RNAs. During recent years, small RNAs have been increasingly studied and gradually considered as key regulators in various aspects of biology. Upon DNA damage, small RNAs including diRNAs (DSB induced RNA) are generated in both plant and human cell lines. Inhibition of their biogenesis has severe influence on DSB repair system.
Introduction
After the first description of miRNAs in Caenorhabditis elegans (Lee et al., 1993) , small RNAs have been mainly discovered from Arabidopsis thaliana, Oryza sativa, Zea mays, Populus trichocarpa, Saccharum officinarum, Sorghum bicolor, Medicago truncatula, and Glycine max etc. as well as different animal cells. These include microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), small interfering RNAs (siRNAs), small nuclear RNAs (snRNAs), piwi interacting RNAs (piRNAs), signal recognition particle (SRP) RNAs, some transcripts such as natural antisense 4 transcripts (NAT), and those derived from transposon or retrotransposon-rich regions (Rinn and Chang, 2012) . Among these non coding RNAs, major classes of small RNAs are miRNAs and siRNAs, which differ each other in their biogenesis.
MicroRNAs from plant or animal are evolutionarily small RNAs, 19-24 nucleotides in length, which are generated by cleavage from larger precursor molecules. These RNAs posttranscriptionally regulate gene expression by interacting with their target mRNAs. Despite the similarities in their biogenesis and length between plant and animal origines, the miRNAs exert their control in fundamentally different ways. In general, animal miRNAs repress gene expression by mediation of translational attenuation, which is processed by miRNA-binding sites that is located within the 3' untranslated region of target gene. On the other hand, many of miRNAs from plant regulate their target gene by cleavage of target mRNA at single sites in the coding regions. siRNAs show a similar structure, function, and biogenesis with miRNAs except that they are biosynthesized from long double-stranded RNAs, often resulting in DNA methylation at target sequences. Small RNAs in eukaryotes have been known to be involved in cell differentiation, development, apoptosis, stem cell self-renewal, removal of intronic sequences during splicing, site specific RNA modification, and telomere synthesis, etc. On the other hand, small RNAs can also play a role for DNA elimination by a developmental regulation, which was found in Tetrahymera thermophila and called scan RNAs (scnRNAs) (Mochizuki and Gorovsky, 2004) . It is interesting that QDE-2 interacting small RNAs (qiRNAs) derived from rDNA repeats was observed in the cell of Neurospora crassa, a filamentous fungus, which was treated with DNA damaging agents (Lee et al., 2009 ).
Up to date, several small RNAs have been investigated for the roles in plants and animals.
The studies of small RNAs are being accelerated by the aid of high-throughput technique which can be helpful for identifying RNA population including promoter-associated short RNAs (PASRs) and termini-associated short RNAs (TASRs) in animals (Kapranov et al., 2010) . In recent years, small RNAs were found to be also involved in the DNA repairs, even double strand breaks (Storici et al, 2007; Wei et al., 2012) . On the analogies of diverse biological roles of small RNAs, many laboratories have interest in the concerns whether small RNAs could play a role in DNA repair including DNA double-strand breaks (DSBs) in plant or animals.
In this paper, some non-coding RNAs including small RNAs are reviewed for the better understanding of molecular and physiological mechanisms including DNA repair in eukaryotes.
Generation of Small RNAs
The biogenesis of miRNAs as well as other most small RNAs are synthesized from the transcription of pri-miRNA in the nucleus. The structure of pri-miRNA contains 60 to 80 nucleotide of hairpin stem-loop structure. For the biogenesis, the cleavage of this hairpin structure is necessary, which is processed by a protein complex consisting of Drosha and DGCR8. Drosha is an RNAse III and DGCR8 its binding protein. By this reaction, the premiRNA is produced, which includes a 22-bp stem, a loop, and a 2-nucleotide 3'-overhang (Denli et al., 2004; Gregory et al., 2004) . Thus synthesized pre-miRNA is transported from the nucleus to the cytoplasm, which is facilitated by the protein, Exportin-5 (XPO5) (Yi et al., 2003) . The pre-miRNA is further cleaved in the cytoplasm by the aid of another RNase III, Dicer. This removes the loop, resulting in about 22 nucleotide miRNA duplex (Hutvagner et al., 2001) . At this step, the strand is unwound by helicase and one strand of miRNA destined for the mature miRNA, which is in general termed the guide strand. The another complementary strand, which is termed the passenger strand, is degraded. The mature miRNA is bind to Argonaute (AGO) family of proteins and then packed into a ribonucleo-protein complex, which is known as miRISC (miRNA-induced silencing complex). Small RNAs regulate various gene expression through transcriptional or post-transcriptional regulation by association with members of AGO protein family (Baulcombe, 2004; Carthew and Sontheimer, 2009 ). The endonuclease activity of Ago cleaves the doublestrand complex consisting of mRNA and miRNA. But this can not cleave the single-strand mRNA. In contrast to the biosynthesis of most small RNAs, some small RNAs may be produced by different way. For instance, most miRNAs are synthesized in the cytoplasm but human miR-29b occurs in the nucleus (Hwang et al., 2007) . AGO proteins contain some domains for its function such as a variable N-terminal domain and PAZ, MID, and PIWI domains, which are well conserved (Tolia and Joshua, 2007) . The PAZ domain binds to the 3' ends of small RNAs and PIWI to 5' ends by the same way (Ma et al., 2004; 2005) . PIWI domain shows endonuclease activity of which the catalysis is related with Asp-Asp-His triad (Rivas et al., 2005) . In plants and animals, their specificity of miRNAs shows, in general, some differences. In plants, miRNAs may contain one single mRNA complementary sequence for the open reading frame of target gene and most corresponding miRNAs generally show a perfect complementarity to these sites and cleave the target mRNAs (Bartel, 2004) . However, animal miRNAs often bind to their target mRNAs by imperfect complementarity at multiple sites of the 3' untranslated regions (UTR).
The most abundant small RNAs in plants are heterochromatic siRNAs (hc-siRNAs) which are derived from transposons and other repetitive sequences. Single-stranded RNA transcripts might be processed from DNA repeats by DNA-dependent RNA polymerase IV (Pol IV) and then converted into dsRNAs by RNA-dependent RNA polymerase II (RDR2), then transformed into 24 nucleotide hc-siRNAs by DCL3. Hc-siRNAs are associated with AGO4 subfamily for its function and involved in the DNA methylation by DNA methyl-transferase DRM2, which is known as RNA-directed DNA methylation (RdDM) (Law and Jacobsen, 2010) . Similar to plant hc-siRNAs, piRNAs are specific to animals, which are often specifically generated in the germ line in order to inactivate transposons (for review, Malone and Hannon, 2009). When single stranded RNA transcripts are generated by the DNA-dependent RNA polymerase IV (Pol IV) in the heterochromatic siRNA system, the RNA transcripts are converted to dsRNAs by the mechanism of RNA-dependent RNA polymerase II (RDR II). The resulting dsRNAs are cleaved into hc-siRNAa by the aid of Dicer-like proteins, following by the formation of complex with agronaute protein AGO4. Thus hcsiRNAs can play a role for de novo DNA methylation.
General Aspects of DNA Repair
The biochemical and physiological complexity including DNA repairs of eukaryotes can not be explained merely by protein coding genes (Kasparek and Humphrey, 2011; Han et al., 2012; Khoba and Epe, 2012; Soria et al., 2012; Wei et al., 2012) . Many DNA damages are frequently occurred even though any organisms maintain its normal metabolism and physiological state. Excision repair of nucleotides is important to repair large DNA lesions including those produced following UV damage or poly-aromatic hydrocarbons (Hoeijmakers, 2001) . The repair of mismatched DNA is also important to remove misincorporated DNA bases occurring during DNA replication, which might otherwise result in mutation. The most common types of DNA lesions are small base lesions and DNA single-strand breaks (SSBs). Among DNA lesions, the most serious damages are interstrand crosslinks and DSBs (Lindahl, 1993) which can induce many types of mutation, genome instability and often lead to cell death. Table 1 summarizes transcription-associated genome instability. The repair pathways of DNA damage require well-regulated and coordinated enzymatic mechanisms of protein signals, transducers, and effectors in the DSBs or other damage signaling cascade (Ciccia and Elledge, 2010; Polo and Jackson, 2011) . In order to overcome the high load of DNA damage, several DNA repair pathways have continually evolved throughout the microbial, plant and animal kingdoms (Hoeijmakers, 2001) .
There is a variety of DNA glycosylases that specifically recognize different types of DNA base damage and then remove the site of DNA damage. AP endonuclease (APE1) recognizes the apurinic or apyrimidic (AP) site resulted from the DNA removal. The nick created by the endonuclease can be re-ligated by ligase 1 or 3 in a process controlled by additional proteins, after processing by PNPK. Similar to the repair of DSBs, similar proteins are involved
